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ABSTRACT 

We present an analysis of time-resolved, medium resolution optical spectroscopic observa- 
tions of UX UMa in the blue (3920-5250 A) and red (6100-7200 A) wavelength ranges, 
that were obtained in April 1999 and March 2008 respectively. The observed characteristics 
of our spectra indicate that UX UMa has been in different states during those observations. 
The blue spectra are very complex. They are dominated by strong and broad single-peaked 
emission lines of hydrogen. The high-excitation lines of He II A4686 and the Bowen blend 
are quite strong as well. All the lines consist of a mixture of absorption and emission compo- 
nents. Using Doppler tomography we have identified four distinct components of the system: 
the accretion disc, the secondary star, the bright spot from the gas stream/disc impact region, 
and the unique compact area of absorption in the accretion disc seen as a dark spot in the 
lower-left quadrant of the tomograms. In the red wavelength range, both the hydrogen (Ha) 
and neutral helium (He I A6678 and He I A7065) lines were observed in emission and both 
exhibited double-peaked profiles. Doppler tomography of these lines reveals spiral structure 
in the accretion disc, but in contrast to the blue wavelength range, there is no evidence for 
either the dark spot or the gas stream/disc impact region emission, while the emission from 
the secondary star is weak. During the observations in 1999, UX UMa showed many of the 
defining properties of the SW Sex stars. However, all these features almost completely disap- 
peared in 2008. We have also estimated the radial velocity semi-amplitudes Ki and K2 and 
evaluated the system parameters of UX UMa. These estimates are inconsistent with previous 
values derived by means of analysis of WD eclipse features in the light curve in the different 
wavelength ranges. 

Key words: methods: observational - accretion, accretion discs - binaries: close - novae, 
cataclysmic variables - stars: individual: UX UMa 



1 INTRODUCTION 

Cataclysmic Variables (C Vs) are close interacting binaries that con- 
tain a white dwarf (WD) accreting material from a companion, usu- 
ally a late main-sequence star. CVs are very active photometrically, 
exhibiting va riability on time scales from seconds to centuries (see 
IWameJll995l for a general review on CVs). 

Nova-like variables (NLs) are an important subset of CVs. 
By definition, NLs should not display any dwarf nova (DN) out- 
bursts. Their almost steady brightness is thought to be due to their 
mass transfer rate M exceeding the upper stability limit Merit- 
Their discs are thus thermally and tidally stable. As a consequence 
of such a nebulous definition, the NL class is a very heteroge- 
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neous group of stars, and the definition of the subclasses within 
NLs i s mostly based on observational features of objects. Accord- 
ing to lWarnerl ( fT99^ . the UX Ursae Majoris stars show persistent 
broad B aimer absorption lines, and this terminology has occasion- 
ally been used for all NLs. The RW Triangulum stars, per contra, 
have pure emission-line spectra. A significant fraction of NLs show 
states of low luminosity in their long-term optical light curves at ir- 
regular intervals of weeks to months. Those of them having drops 
exceeding 1 mag are known as the "anti-dwarf novae" or VY Sculp- 
toris stars (LaDous 1993; Warner 1995; Dhillon 1996). 

SW Sextantis stars are another relatively large group of 
NLs, which was initiall y populated by eclipsing systems only 
jThorstensen et al.lll99lh . These systems, largely occupying the 
narrow orbital period stripe between 3 and 4.5 hours, show many 
unusual yet consistent properties, including single-peaked emission 
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lines despite the high inclination, strong high excitation spectral 
features, central absorption dips in the emission lines around phase 

0. 4 - 0.7, and high-velocity emission S-waves with maximum 
blueshift near phase ~ 0.5. The unusual spectroscopic behaviour 
of the SW Sex systems has led to their intensive studies and many 
NLs above the 3 - 4.5 hr period interval, and even some Low Mass 
X-ray Binaries (LM XBs) have been found to exhibit distinctive SW 
Sex behaviour!^ ( Rodrfg uez-Gil. Schmidtobreick. Gansickell2007l : 
iRodriguez-GiTet al 2007i) . 

In this paper we report on our observations of UX UMa, a 
prototype of the NLs, and show that this system also exhibits some 
of the key features of the SW Sex stars. UX UMa has been dis- 
covered b y Beljavskv ('1933") and extensively stu died in the past 
dWalker & Herbig 1954 ; Warner & NatheJll972h . and is consid- 
ered to be one of the well know n CVs. UX UMa has an orbital 
period of 4.72 h jKukarkirJI 1977 1) and is the brightest eclipsing NL. 
I Warner & NatheJ ( 1972 ) found low-amplitude 29-s oscillations in 
the light curve of UX UMa confirmed later by Knigge et alj jl998i) . 
It could be interpreted in the context of a low-inertia magnetic ac- 
cretor, in which accretion on to an equatorial be lt of the WD pri- 
mary causes the belt t o vary its angular velocity jWamer & Woudll 
l2002h . iRutten et al. ( Il993l . [1994) presented spectrally-resolved 
eclipse maps of the UX UMa accretion disc, obtained from low- 
resolution spectra spanning AA3600-9800 A. The system has been 
also well studied in ultraviolet (Baptista et al. 1995; Kni gge et al.l 
11998 ^; Froning, Long, c& Knigge 2003; Linnell et al. 2008) and X- 
rays ( Wood, Naylor, & Marsh 1995; Pratt etal. 2004) in recent 
years. The sys t em pa rameters for UX UMa are usually taken from 
iBaptista et al.l j 19951) and are based on the derived parameters of 
a WD eclipse, which however has been brought into question by 
iFroning. Long. & Kn igge ( 2003). 

Despite such a rich history of investigations, UX UMa has 
been almost neglected with optical high or medium resolution spec- 
troscopy for the past 25 years. To our knowledge, no detailed red 
spectra of UX UMa have been published at al l, with the excep- 
tion o f several profiles of the Ha emission line dKiurkchieva et al.l 
|2006|) . and the far-red spectra i n the wavelength range AA7661- 
8308 A dVande Putte et al.l2003h . The latest extensive optical spec- 
troscopic studies of this system in the blue wavelength range have 
been made by Schlegel, Honeycutt, & Kaitchuck ( 1983). In partic- 
ular, they found that the optical lines exhibited a wide range of 
radia l velocity semi -amplitudes, varying from line to line. Soon 
after IShafteil ( Il984h found for Ha equal 157 ± 6 kms'^ 
This value of the semi-amplitude implies a mass ratio of g = 

1, making UX UMa one of the few systems whe re the masses 
of th e primary and secondary stars are the same teaptista et al.l 
Il995l) . Nevertheles s. IVande Putt e et al' 12003 1) estiin ated K2 to be 
262 ± 14, whereas rproning. Lo ng. & Kni gg3 ( l2003l) found the ex- 
tremely low Ki of 70 k ms~^ for far ultraviolet absorption lines. 
ISuleimanov et alj ( l2004t) gave a preliminary analysis on part of the 
data presented in this paper, and estimated the semi-amplitude of 
the radial-velocity variations of the H/? emission line to be about 
100 kms~^. They also found that UX UMa showed some features 
which are commonly used for the identification of the SW Sex sub- 
class stars. 

This motivated us to perform a new time-resolved spec- 
troscopy of UX UMa in order to study its properties in more detail. 



^ See D. W. Hoai'd's Big List of SW Sextantis Stars at 
http://web.ipac.caltech.edu/staff/hoard/cvtooIs/swsex/biglist.htmll 



In this paper we present and discuss the medium-resolution spec- 
troscopic observations of the system in 1999 and 2008. 



2 OBSERVATIONS AND DATA REDUCTION 

The spectra presented here were obtained during two observing 
runs. The first observations were conducted in 1999 during two 
nights of April 8 and 10 at the Special Astrophysical Observatory 
of the Russian Academy of Sciences (SAO RAS) on the 6 m tele- 
scope, using the UAGS spectrograph, equipped with a Photometries 
CCD. A total of 62 spectra in the wavelength range of 3920-5250 A 
and a dispersion of ~ 1.3 A/pix were obtained with 300 s individ- 
ual exposures. Corresponding spectral resolution was about 2.5 A. 

Further observations were obtained in 2008 during 3 nights 
of March 20, 22 and 24, using the imaging spectrograph BFOSC 
with a 1300 x 1340 pixels EEV CCD attached to the Cassini 1.5 m 
telescope at Loiano (Italy). Grism #8 was used, providing nominal 
spectral coverage of 6100-8190 A and a dispersion of ~ 1.6 A/pix. 
A total of 37 spectra were obtained with 600 s individual exposures. 
Corresponding spectral resolution was about 3.3 A. 

The reduction procedure was performed using the MIDAS (the 
SAO observations) and IRAF (Loiano) environments. Comparison 
spectra of Ar-Ne-He (SAO) and He-Ar (Loiano) lamps were used 
for the wavelength calibration. The absolute flux calibration of the 
spectra was also achieved by taking nightly spectra of the standard 
stars BD-l-33 2642 (SAO), Feige 92 and Hiltner 600 (Loiano). How- 
ever, as the weather conditions during both observing sets were not 
optimal due to cirrus and poor seeing (down to 3"), we consider the 
flux calibration to be only approximate. In view of this fact, from 
now on we use spectra normalized to the continuum. 

To improve the confidence of the results presented in this 
paper we also acquired the phase-binned spectra. For this the 
spectra were phase- folded according to the linear ephemeris of 



spectra were phase- 1 
iBaptistaet al] ( ll995l) 



iHoard et al.l2003l) . 



T^i„{HJD) = 2443904.87872(±3)+0.196671278(±2)x£;, (1) 

where Tmin is the moment of minimum, and then co-added the 
spectra into 17 (SAO) and 24 (Loiano) separate phase bins. 

The uncertainties of this ephemeris in orbital phase at the time 
of our observations are very small. For the Loiano observations, 
for which the propagated error is larger, it is less than 0.001. This 
is much smaller than our phase resolution (~ 0.035) and is thus 
negligible. 



3 DATA ANALYSIS AND RESULTS 
3.1 Averaged and trailed spectra 

Optic al spectra of NL s show a wide range of appearances. Accord- 
ing to IWarned ^199^ . the UX UMa stars have persistently broad 
Balmer absorption-line spectra, whereas the RW Tri stars, for ex- 
ample, have pure emission-line spectra (even though occasionally 
with absorption cores). It is interesting to note, however, that such 
segregation is quite vague, as even UX UMa itself does not exactly 
follow this definition. 

The mean spectra of UX UMa in the blue wavelength range, 
from the SAO dataset, are shown in Fig.[T](top panel). These spec- 
tra are an average and a combination of spectra in three phase in- 
tervals, uncorrected for orbital motion. 

The spectra are dominated by strong and broad emission lines 
of hydrogen. The high-excitation lines of He II A4686 and the 
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Table 1. Log of observations of UX UMa 



Set 


Date 


HJD Start 


Instrument 


AA" 


A range 


Exp. Time 


Number 


Duration 






2450000+ 




(A) 


(A) 


(sec) 


of exps. 


(hours) 


SAO 


1999-Apr-()8 


1277.384 


UAGS 


2.5 


3920-5220 


300 


9 


0.73 




1999-Apr-08 


1277.504 


UAGS 


2.5 


3920-5220 


300 


19 


1.66 




1999-Apr-1() 


1279.324 


UAGS 


2.5 


3920-5220 


300 


34 


3.25 


Loiano 


2008-Mar-2() 


4546.521 


BFOSC 


3.3 


6100-8100 


600 


15 


2.56 




2008-Mar-22 


4548.453 


BFOSC 


3.3 


6100-8100 


600 


7 


1.16 




2008-Mar-24 


4550.331 


BFOSC 


3.3 


6100-8100 


600 


15 


2.57 



" - AA is the FWHM spectral resolution 
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Figure 1. Average (top panel) and trailed (bottom panel) spectra of UX UMa from the SAO set. The average spectrum is divided in three phase intervals. The 
top curve shows the spectrum in mid-eclipse (0.025 < (f < 0.975), the bottom curve shows the spectrum outside ecUpse (0.08 < ip < 0.78), and the middle 
curve shows the spectrum outside but just prior to eclipse (0.78 < tp < 0.92). In the trailed spectrum, displayed twice for clarity, numerous emission and 
absorption features are visible. Note, that all the lines consist of a mixture of absorption and emission components. White indicates emission. 
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Figure 2. The red average (top panel) and trailed (bottom panel) spectra of UX UMa from the Loiano set. 



C III/N III A4640-4650 blend are quite strong as well. In addition, 
He II A4542 and C II A4267 are observed. All these emission lines 
exhibit, in the averaged spectra, symmetric single-peaked profiles. 
However, in the phase-folded spectra the emission line-profile vari- 
ations are quite complex and resemble those observed in SW Sex 
stars. For example, the Balmer lines H/3 and H7 are single-peaked 
but show transient absorption features at phases 0.4-0.7 turning the 
line profiles into the double-peak appearance (Fig. [3] left panel). 
The strength of this absorption increases with increasing line exci- 
tation level. 

The absorption spectrum is also rich in features. In particu- 
lar, we note that outside eclipse all the lines of neutral helium are 
in absorption, the strongest such features are He I A4472 and He I 
A4026. Also note the presence of the Mg I A5175 and Mg II A4481 
absorption lines (Fig.[T] top panel, the bottom spectrum). 

At phase ip ~0.78, a new absorption component appeared in 
the red wings of the Balmer emission lines and rapidly became so 
strong that it almost flooded the higher members of the Balmer 
lines (Fig. [T] top panel, the middle spectrum). However, this ab- 
sorption apparently did not affect the high-excitation emission lines 
and very little distorted the He I absorption lines which in fact be- 
came less deep. There was little qualitative change in the eclipse 
spectrum of UX UMa before mid-eclipse (0.025 < < 0.975) 
when all absorptions were instantly reversed into emissions, and 
also the Balmer decrement became almost flat (Fig.[T] top panel, 
the upper spectrum). 

Even more details can be found in the phase-resolved trailed 
spectra (Fig. [T] bottom panel). One can clearly recognize that the 



phase 0.6 absorption mentioned before is in fact a manifestation 
of the sinusoidal absorption component of the emission lines seen 
continuously over the entire orbital period, which crosses from 
blue-shifted to red-shifted around phase ~0.6. The semi-amplitude 
of its radial velocity variations can be roughly estimated to be 
~ 350 kms^^, much more than published estimates of the radial 
velocity semi-amplitude of UX UMa's WD. Thus, this absorption 
component with a nearly constant intensity originates somewhere 
on the far side of the accretion disc relative to the secondary star. 
Note also that all the lines including the deepest absorption lines 
He I A4472 and He I A4026, consist of a mixture of absorption and 
emission components. Thus, the difference in the appearance of the 
"emission" and "absorption" lines is determined mostly by the rel- 
ative contributions of the corresponding components. Note that the 
absorption component of different lines seemingly varies in phase 
with each other. It is also interesting to mention that the broad ab- 
sorption depression observed around the red wings of the lines just 
prior to eclipse, is certainly linked with those absorption compo- 
nents of the lines. From the trailed spectra of H/3 one can distin- 
guish two sinusoidal emission components with different radial ve- 
locity amplitudes and phases. One of these components, with the 
smaller radial velocity amplitude, crosses from red-shifted to blue- 
shifted around phase ~0.5 and can probably be attributed to the 
secondary star (see also the trailed spectra in Fig. (6)1. 

Surprisingly, the appearance and behaviour of the red spec- 
trum was completely different from the spectrum in the blue wave- 
length range. Both the hydrogen (Ha) and neutral helium (Hel 
A6678 and He I A7065) lines were observed in emission and both 
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Figure 3. The line profile variations of UX UMa as a function of orbital phase. The left and right panels show the spectra from the SAO (1999) and Loiano 
(2008) observations respectively. The data have been averaged into 9 binary phase bins, and each resulting spectrum is normalized to the continuum and 
displaced along the intensity axis by 0.25. 



exhibited double-peaked profiles though the depth of the central dip 
of the helium lines was below the continuum (Fig.[2j. There was no 
visible change in the spectrum during the eclipse and neither high- 
velocity absorption nor emission appeared. 

These clear changes between blue and red spectra may not be 
so surprising as these data sets are 9 years apart. On the other hand, 
care must be taken since we are not comparing the same wavelength 
ranges. Such differences between spectra can be due to different 
line transfer effects in different lines. We discuss this below. 



3.2 Radial velocity study 

A long standing problem in UX UMa is the measurement uncer- 
tainty of the radial velocity semi-amplitude of the WD. Obtaining 
an accurate value of Ki has originally been one of the main aims 
of our time-resolved spectroscopy of UX UMa. 

In CVs the most reliable parts of the emission line profile 
for deriving the radial velocity curve are the extreme wings. They 
are presumably formed in the inner parts of the accretion disc and 
therefore should represent the motion of the WD with the high- 
est reliability. We measured t he radial velocities us ing the double- 
Gaussian method described bv lSchneider & Yound l ll980.) and later 
refined bv lShafteil h983l) . This method consists of convolving each 
spectrum with a pair of Gaussians of width a whose centres have a 



separation of A. The position at which the intensities through the 
two Gaussians become equal is a measure of the wavelength of the 
emission line. The measured velocities will depend on the choice of 
a and A, and by varying A different parts of the lines can be sam- 
pled. The width of the Gaussians a is typically set by the resolution 
of the data. 

The analysis of the trailed spectra (Section [3TTJ and Doppler 
tomography (Section |4l( shows that only few spectral lines can be 
used for radial velocity measurements using this method. Indeed, 
all the lines, with the exception of He II A4686 and C III / N III, 
consist of a mixture of absorption and emission components. The 
absorption component is very strong in most of the lines, espe- 
cially in He I and the metal lines. It forms in a compact area of 
the accretion disc and its radial velocity curve does not reflect the 
orbital motion of the WD. This can be the reason for unrealistic val- 
ues of the parameters of the radial velocity variations, obtained by 
ISchlegel, Honevcutt. & Kaitchuckl l fl9^83) using "absorption" lines. 
However, this absorption component is much weaker in the Balmer 
lines and apparently does not affect their wings, except for the 
phases just prior to eclipse. 

In order to test for consistency in the derived velocities and 
the zero phase, we separately used the emission lines Ha and H/3 
in the Loiano and SAO spectra respectively. 

All the measurements were made using a Gaussian FWHM 
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Figure 4. The diagnostic diagram for SAO's H/3 (left panel) and Loiano's Ha (right panel) data, showing the response of the fitted orbital elements to the 
choice of the double-gaussian separation. The best fit is reached with the gaussian separation of 1600—1700 km s~^ for H/3 and 1800 km s^^ for Ha. 



of 200 kms~^ and different values of the Gaussian separa- 
tion A ranging from 300 kms^^ to 2500 kms^^ in steps of 
100 kms~^, follow ing the technique of "diagnostic diagrams" 
jShafter. Szkodv. &" Thorstensen 1986). 

For each value of A we made a non-linear least-squares fit of 
the derived velocities to sinusoids of the form 

V{^, A) = 7(A) - i^i(A) sin [27r - v^o (A))] (2) 

where 7 is the systemic velocity, K\ is the semi-amplitude, <^o is 
the phase of inferior conjunction of the secondary star and ip is 
the phase calculated according to the ephemeris Q. During this 
fitting procedure we omitted spectra covering the phase ranges 
ifi = ±0.08, owing to measurement uncertainties during primary 
eclipse, and tp = 0.78 — 0.92, during which the red wing of H/3 
was affected by the absorption. 

The resulting "diagnostic diagrams" are shown in Fig.|4] The 
diagrams show the variations of K\, a(K\)/K\ (the fractional 
error in K\), 7 and ipo with A jShafter, Szkodv, & ThorstensenI 
Il986l ). To derive the orbital elements of the line wings we took 
the values that correspond to the lar gest se paration just before 
a{Ki)/Ki shows a sharp increase jShafter & Szkodvlll984h . We 
find the maximum useful separation to be Amax — 1800 kms~^ 
for Ha, and Amax — 1600 kms^^ for H/3. Note that K\ is quite 
stable over a range of Gaussian separations around A,nax, support- 
ing their choice. One can see that Ki for Ha is practically constant 
for A > 1700 kms~^. For H/3 Ki is also very stable over a rea- 
sonable range in A of 1300-1600 kms"^until the noise in the line 
wings begins to dominate. 

We have obtained consistent results for both the radial velocity 



semi-amplitudes and the 7-velocities for both lines. The measured 
parameters of the best fitting radial velocity curves are summarized 
in Table |2l whereas the radial velocity curves are shown in Fig. [5] 
The formal errors are the standard deviations determined during 
the least-square fits for the Gaussian separation Amax - They most 
likely underestimate the true errors, as they do not include a priori 
unknown systematic effects. A slightly non-sinusoidal shape of the 
curves can also alter the parameters. In the discussion to follow 
we adopt the value for A'l to be 113 ± 11 kms~^ which is the 
weighted mean for the Ha and H/3 lines (using a{Ki) as a weight 
factor). In order to be on the conservative side, the error bars for all 
the parameters have been chosen by taking the largest of these two 
lines. 

The derived value of the radial velocity semi-a mplitude Ki is 
highly inconsistent with that one of IShafteJ ( Il984l) . It is not easy 
to explain why his result is so different, as he did not present his 
analysis in detail. A possible reason might be poor spectral reso- 
lution for Shaffer's data (~ lOA) and as a consequence the wider 
Gaussians used in the double-Gaussian method. 

It is well known that the application of the double Gaus- 
sian method to CVs often gives quite uncertain or incorrect re- 
sults, as the emission lines arising from the disc may suffer sev- 
eral asymmetric distortions. Taking these potential sources of er- 
rors into consideration, we believe we could avoid them. In our 
study of UX UMa, both the obtained values of Ki are consistent 
with each other. Though the detected asymmetric emission struc- 
ture of UX UMa (particularly, the dark spot in the lower-left of the 
H/3 Doppler map, and the spiral pattern in the Ha tomogram) may 
potentially influence the velocity determination, we hope we could 
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Table 2. Elements of the radial velocity curves of UX UMa derived from 
emission lines Ha and H/3. 



Emission line & 


Ki 


7-velocity " 




dataset 


(kms-i) 


(kms-i) 




Ha - Loiano 


117±8 


-59±6 


0.037±0.012 


H/3 - SAO 


106±11 


-54±9 


-0.025±0.020 


Adopted Value 


113±11 


-57±9 


0.020±0.020 



" The measured 7-velocities are heliocentric. The mean value was obtained 

after correction for the solar motion. 

^ Phases were calculated according to ephemeris {!}■ 
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Figure 5. The Ha (blue stars) and H/3 (red circles) radial velocities folded 
on the orbital period. Two cycles are shown for clarity. The vertical area, 
shown in gray, marks the eclipsing phase range. The hatched area marks 
the phase range prior to eclipse, during which the H/3 emission line was 
affected by the absorption component. Open symbols indicate data omitted 
during the fitting procedure. 

avoid this as those strong structures are situated well inside of the 
chosen Gaussian separation. The correct phasing of the radial ve- 
locity curve also strengthens our confidence. On the other hand, we 
cannot exclude the possibility that some other yet-unknown effects 
may distort our results. 



4 DOPPLER TOMOGRAPHY 

The orbital variation of the spectral lines profiles indicates a non- 
uniform structure for the accretion disc. In order to study the emis- 
sion structure of UX UMa we have used Dop pler tomo graph y. Ful l 
tec hnical details o f the method are given bv lMarsh & Homj il988l) 
and lMarshI i l200lh . Examples of the applicat ion of Doppler tomog- 
raphy to real data are given bv lMarsJ ( l200lh . 

Figures|6}0show the tomograms of the different spectral lines 
from the SAO and L oiano sets of observations, computed using 
the code developed bv lSpruill jl998l) . The figures also show trailed 
spectra in phase space, from which the maps were computed, and 
their corresponding reconstructed counterparts. As the gradual oc- 
cultation of the emitting regions during eclipse is not taken into 



account, we constrained our data sets by removing eclipse spectra 
covering the phase ranges (j) = 0.92—1.08. 

To assist the interpretation of the Doppler maps, the positions 
of the WD (lower cross), the center of mass of the binary (middle 
cross) and the Roche lobe of the secondary star (upper bubble with 
the cross) are marked. The predicted trajectory of the gas stream 
and the Keplerian velocity of the disc along the gas stream have 
also been shown in the form of the lower and upper curves, respec- 
tively. The Roche lobe of the secondary and the tra jectories have 
been p lotted using the system parameters, derived bv lfiaptista et al.l 
( Il995h - an inclination i = 71° and Ah = M2 = 0A7Mq. 

The spectral lines in UX UMa (especially He I) require neg- 
ative values in some parts of the tomogram in order to fit the ab- 
sorption component of the line. To avoid this, we have followed 
an approach of Marsh et al (1990). Prior to the reconstruction, we 
have added a Gaussian of FWHM = 600 kms~^ to the data in or- 
der to avoid the need for negative pixel values. We then removed 
the Gaussian equivalent from the calculated tomogram to produce 
the final result. This procedure has no effect on the goodness of the 
fit or entropy when the latter is determined over small scales. 

The appearance of all the tomograms from the SAO dataset is 
extremely unusual. We start to discuss them from the H/3 emission 
line as this is the strongest line and it produces a map of the high- 
est quality. Due to the non-double-peaked line profile of H/3 we 
did not expect a Doppler map to have an annulus of emission cen- 
tered on the velocity of the WD, and the observed tomogram does 
not show it. Instead of this the map displays a very non-uniform 
distribution of the emission. It appears to be dominated by emis- 
sion consistent with an origin on the secondary star, from the rela- 
tively weak bright-spot located in the region of interaction between 
the gas stream and the outer edge of the accretion disc, and also 
from the leading side of the accretion disc (the right side of the to- 
mogram), whose interpretation is ambiguous and will be discussed 
later. 

But the most intriguing and undoubtedly unique feature of 
UX UMa's tomogram is a "dark spot" - a compact absorption area 
with FWHM < 250-300 kms"\ centered on (14 ~ -160kms"\ 
Vy ~ — 440km s~^) - which is associated with the absorption S- 
wave in the trailed spectra. This region is situated far from the re- 
gion of direct interaction between the stream and the disc particles, 
and from this point of view the location of any structures here is un- 
expected. However, many NL systems and especially the SW Sex 
stars show the emission in the lower-left quadrant of the tomogram 
but, to the best of our knowledge, UX UMa is the only CV that 
exhibits the absorption here. 

The appearance of the H7 and US maps is similar to the H/3 
map, though "the dark spot" here is even deeper and more extended 
in velocity space. The He I Doppler maps also have a similar mor- 
phology to the Balmer lines. The main difference between them is 
a different contribution of the above-mentioned components. So, 
emission from the secondary star is, at best, very weak whereas the 
absorption is strong and extended across a wide range of velocities. 
This reason makes the tomograms look noisy, as the emission com- 
ponent in most He I lines is rather weak and we have had to apply 
an aggressive intensity scaling for these lines. The dark spot in the 
different lines is closely spaced on the tomograms, though it is dif- 
ficult to determine its exact coordinates when it is as extended as in 
He I A4026 and A4471. However, it seems that the dark spot in He I 
slightly shifted along azimuth respectively to the Balmer lines. 

The high-excitation emission lines show little variation with 
time and produce quite noisy tomograms with little details. How- 
ever, a most prominent contribution of the emission here is from 
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Figure 6. Doppler tomography for the H/3, H7 and H<5 emission Unes (in the upper half of Figure), and for He II A4686, He I A4388 and He I A5015 (in the 
bottom half of Figure) from the SAO set of observations. For each line the observed and reconstructed trailed spectra (bottom) and corresponding Doppler 
maps (top) are shown. Marked on the maps are the positions of the WD (lower cross), the center of mass of the binary (middle cross) and the Roche lobe of the 
secondary star (upper bubble with the cross). The predicted trajectory of the gas stream and the Keplerian velocity of the disc along the gas stream have also 
been shown in the for m of the lower and up per curves, respectively. The Roche lobe of the secondary and the trajectories have been plotted using the system 
parameters, derived bv lBaptistaetalJh995l) - an inclination i = 71° and Mi = M2 = OATMq. The flux scale is from white to black. 
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Figure 7. Doppler tomography for the He I A4922, A4026 and A4471 hnes from the SAO dataset (in the upper half of Figure), and for the Ha, He I A6678 
and He I A7065 emission lines from the Loiano set of observations (in the bottom half of Figure). For each Une the observed and reconstructed trailed spectra 
(bottom) and corresponding Doppler maps (top) are shown. Marked on the maps are the positions of the WD (lower cross), the center of mass of the binary 
(middle cross) and the Roche lobe of the secondary star (upper bubble with the cross). The predicted trajectory of the gas stream and the Keplerian velocity 
of the disc along the gas stream have also been shown in the form o f the lower and uppe r curves, respectively. The Roche lobe of the secondary and the 
trajectories have been plotted using the system parameters, derived bv lBaptistaetalJh995l) — an inclination i = 71° and Afi = AI2 = OATMq. The flux 
scale is from white to black. 
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Figure 8. Schematic representation of the essential components of the 
Doppler maps of UX UMa (Figures |6]l7). Different patterns correspond 
to diiferent emission lines: H/3 (the blue vertical/horizontal cross-hatched 
area), He II A4686 (the cyan oblique crosshatched area). Ha (the red hor- 
izontal hatched area) and the He I emission lines from the red wavelength 
range (the crimson vertical hatched area). Also plotted the positions of the 
WD. the Roche lobe of the secondary star, and the predicted trajectory of the 
gas stream and the Keplerian velocity of the disc along the gas stream, using 
the dynamical solution frorn this paper (solid lines) and the system param- 
eters, derived by Bapti sta et alj il995) (dashed lines). The circles represent 
the largest radius of the accretion disc determined by tidal limitations. 

the quasi-circular structure with a radius of ~ 500 km s~^ centered 
on the velocity of the WD (see the He 11 A4686 map in the bottom 
half of Fig.[6ll. Note also that He II A4686 does not show any emis- 
sion on the hemisphere of the donor star that faces the WD and 
boundary layer, and that the circular structure, most likely linked 
with the accretion disc, has an interuption in the region of the dark 
spot. There is also enhanced emission from the leading side of the 
accretion disc. 

The red spectra from the Loiano dataset have completely dif- 
ferent appearance in comparison with the blue spectra, and as 
a result the Doppler maps in this wavelength region appear dis- 
tinctly different (Fig. |7] bottom half). The double-peaked pro- 
files of the Hq and He I emission lines, attributed to an accre- 
tion disc, produce an azimuthally asymmetric annulus of emission 
centered on the velocity of the WD, revealing a prominent two 
armed pattern. This pattern resembles the signature generated by 
spiral struct ure in the disc, predicted numerical l y by a number of 
resea rchers dSawada. Matsuda. & Hachisulll986l : lsteeghs & Stehld 
1 19991) . Comparing the blue and red tomograms, one can also specu- 
late on the same origin of the emission from the leading side of the 
accretion disc (in the blue spectra) and of one of the arms in the red 
spectra (Fig.[8]l. In conclusion, we also note that in contrast to the 
SAO observations, there is no evidence for both the dark spot and 
the gas stream/disc impact region emission in the Loiano dataset, 
while the emission from the area where the secondary star is ex- 
pected, is weaker and with slightly different velocity coordinates. 

Thus, combining all the results above, we conclude that most 
of the spectral line components in UX UMa appears to originate 
from four distinct components: the secondary star, the accretion 
disc with two arch-like structures, the bright spot from the gas 



stream/disc impact region, and the dark spot in the lower-left quad- 
rant of the tomograms (Fig.[8]l. All these components exhibit a dif- 
ferent appearance in different spectral lines and in different epochs. 
A more detailed discussion of the emission structure of UX UMa 
follows in the next section. 



5 THE ACCRETION DISC AND 

EMISSION/ABSORPTION STRUCTURE OF UX UMA 

It is wid ely accepted that the NL stars experience high mass tr ans- 
fer rates I^ Puebla, Diaz. & Hubenvl2007l : lBallouz & Sioij200 9^ and 
their accretion disc is optically thick. As follows from the theo- 
retical calculations, an intrinsic spectrum of such dis cs should be 
close to stellar, with absorption B aim er and He I lines jSuleimanovl 
I1992I ; iDiaz. Wade. & Hubenvlll996h . The irradiation of the stan- 
dard optically thick disc by the hot ce ntral source is not enough 
to rep lace the absorption by emission jKromer. Nagel. & WemeJ 
l2007t) . Emission lines in these systems are believed to originate 
in a relatively hot extended region above the orbital plane. This 
extended matter is heated due to the external irradiation by the 
WD, boundary layer and inner disc. In the inner disc, despite the 
higher temperatures, the absorption cannot be replaced by emis- 
sion because the irradiated flux here is insignificant in comparison 
with the intrinsic flux. Therefore, there are two spatially resolved 
emitting regions - the inner disc, which has mostly photospheric 
spectrum with absorption lines, and the outer disc, emitting spec- 
trum with emission lines. Note also that the emission component 
tends to be more pronounced in high inclined eclipsing systems 
where the optically thin hot plasma is seen along the disc surface 
and has more significant optical depth (in comparison with face-on 
discs, but r still remains < 1) and therefore larger emission flux, 
whereas t he absorption line core depth decreases with the orbital in- 
clinat ion ( iDiaz. Wade. & Hubenvl[l993 ; Ikt omer. Nagel. & Wemeil 
I2OO7I) . This picture is confirmed by observations of "disc-on" NL 
stars (TT Ari, V603 Aql) and DNe during outbursts, especially in 
the UV part of the spectra. 

UX UMa is a high inclined eclipsing system and it does 
not show broad absorptions similar to low inclined TT Ari 
(Stan ishev. Kraicheva. & Genkovl l200lh . However, it has a steep 
B aimer decrement outside eclipse phases which suddenly becomes 
almost flat at mid-eclipse (Fig.[Tll. This transformation could also 
be easily explained within the framework of the above-described 
model: the inner disc with its photospheric spectrum is shielded 
around mid-eclipse phases by the secondary star, whereas an opti- 
cally thin line emission region above the orbital plane is still seen 
and becomes the main contributor to the spectrum. 

The oscillator strength for Ha is significantly larger than those 
for the higher members of the Balmer series, thus detection of ac- 
cretion disc structures is more sensitive in this line. Indeed, usually 
Ha has larger equivalent widths of emission components than the 
other Balmer lines. Therefore, we can expect that the bright spot 
and the secondary star in UX UMa should be seen in Ha better than 
in H/? (similar behaviour is expected for the "blue" and "red" He I 
lines). As such, the changes between the SAO and Loiano spectra 
most likely testify of time dependence within the system, though 
part of these changes can be due to different line transfer effects in 
different lines. 
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5.1 Dark spot 

Whilst the emission in the lower-left quadrant of the tomo- 
gram is one o f the distingu ishing characteristics of the SW Sex- 
type systems (Hellier 2000), it has als o been obs erved in many 
C y stars of other type s (WZ Sge - iNeustroevI [1998 , BF Eri 
- INeustroev & Zharikovl boOSi) an d some low mass X -ray bina- 
ries (LMXB), (XTE J2123-058 - iHvnes et af] 1200 ll . GX9+9 - 
IComelisse et alj|2007t) . Different ideas have been proposed to ex- 
plain this phenomenon and other probably related observational pe- 
culiarities, such as a high-velocity emission S-wave, transient ab- 
sorption features in the Balmer and He I emission line cores and 
X-rayAJV dips in the phase range ~ 0. 3—0.6. A mong these mech- 
anisms invoked are stream overflow dHellier & Robinson 1993; 
Hellier 1996), a WD-anchore d magnetic field (Williamsl l 19891 : 
Dhillon, Marsh, & Jones! 199 ih , magnetic propeller anchored in the 
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inner disc dHorndl 19991), magn etic accretion dRodriguez-Gil et al] 
1200 ll : iHameurv & Lasotall2002h . 

We believe that the compact area of absorption which pro- 
duced the absorption S-wave in the trailed spectra and the dark 
spot in the lower-left part of UX UMa's tomograms, can be ex- 
plained in the context of the stream-disk overflow model. Numer- 
ous theoretical and numerical studies indicate that free flowing gas 
could pass over the WD and hit the back side of the accretion disc 
dLubow&ShJI 19761 : iLubowll 19891 : lArmitage & Liviolll996l, 1 19981 : 
lHessmanlll99S ). In particular, intensiv e 3-D smoothed particle hy- 
drody namics (SPH) simulations show dKunze, Speith, & Hessmar] 
l200lh that a substantial fraction of the stream overflows the outer 
disc edge and impact s the disc close to the circularisatio n radius at 
orbital phase ~ 0.5. iKunze, Speith, & HessmanI d200lh conclude 
that the presence of substantial quantities of gas above and be- 
low the disk plane can cause X-ray absorption in CVs and LMXBs 
around orbital phase 0.7, if the inclination is at least 65°. We sug- 
gest the same might be happening in UX UMa, and the dark spot in 
the lower-left quadrant of the tomogram, situated around if ~ 0.6, 
might be caused by the deflected stream flow. In case of a rather 
small disc and the high mass transfer rate or its sudden increase, 
the overflowing stream might produce a dense lump of matter in 
the place where it re-enters the disc. This lump and/or the over- 
flowing stream itself can prevent the outer sector of the disc to be 
irradiated by the hot inner disc that will cause a predominance of 
absorption over emission here (Fig.|9]l. As a result we will see a nar- 
row absorption in the spectrum and a dark spot in the tomogram. 
Considering that the optical depth of the matter in the He I lines is 
smaller in comparison with the Balmer lines due to the lower he- 
lium abundance and the oscillator strengths of the He I lines, it may 
explain the displacement of the dark spot in the He I lines relative 
to the Balmer lines. 

As the lump will not only occult the outer disc from irradiation 
but will also shield some part of the disc from the observer, it can 
also very naturally explain the absorption in the red wings of emis- 
sion lines observed during the phase range ip ~ 0.78—0.95. The 
opacity of the falling stream is most likely anisotropic, increasing 
along the stream. Thus, around these phases the lump can occult 
the hottest and brightest innermost part of the accretion disc with 
the greatest range of the radial velocities, leading to weakening of 
the emission component in the red wing of spectral lines (Fig.|9l(. 

The supposition that UX UMa had a rather small accretion 
disc during the SAO observations (smaller than during the Loiano 
set) is supported by Doppler tomography. All the tomograms from 
this data set show weak, but clearly seen emission from the bright 
spot ~ the region of interaction between the gas stream and the outer 
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Figure 9. A schematic model of UX UMa. The overflowing stream creates 
the lump of matter which prevents the outer sector of the disc, shown in 
gray, to be irradiated by the hot inner disc. The lump and the falling stream 
also shields a part of the accretion disc from the observer The cross-hatched 
area indicates the region of the disc obscured at the orbital phase ^ 0.8. 



edge of the accretion disc. In most of the lines this emission lies 
over the predicted trajectory of the gas stream, though in a few 
lines the emission has the Keplerian velocity of the disc along the 
gas stream. The singularity and difference of UX UMa's bright spot 
from those usually observed in CVs consist in its extent. The bright 
spot in UX UMa appears to be extended over hundreds kilometers 
per second along the trajectories, which could be due to the mat- 
ter stream deflecting vertically or penetrating deeply into the disc 
before finally being deviated. 

No such thing has been observed during the Loiano observa- 
tions. There are no signs of the bright spot lying over either of the 
trajectories. The accretion disc is large and thick (see the following 
discussion), the interaction between the stream and the outer part of 
the disc is less energetic, the lesser part of the stream matter over- 
flows the disc and - as a consequence - there is no dark spot in the 
lower-left part of the tomograms. 



5.2 Spiral pattern 

The accretion disc in UX UMa manifests itself as a non-uniform 
circular structure, with a radius of ~ 400 kms~^, in the 
Doppler maps from the Loiano set of observations. The disc 
emission is not azimuthally symmetrical, but exhibits the two 
arch-like structures, superposed on the diffuse ring. This pat- 
tern resembles the non-axisymmetric features observed in the ac- 
cretion discs of several DN systems when they w ere in out- 
burst (IP P eg - ISteeghs, Harlaftis, & Horn3 1 19971, U Gem - 
Grootl l200lh , and al so in a few NLs (V3885 Sgr - Hartlev et all 
I2OO5I V1494 Aql - iHachisu, Kato. & Katcll2004l) . The presence 
of such structures has been originally interpreted as an observa- 
tional confirmation for the existence of the tidally induced spi- 
ral shocks, predicted by hydrodynam ic models of accretion discs 
in close binaries (Sawada, Matsuda, & Hachisui ri986: Spruit 198^; 
'Steeghs & Stehle 1999.: lBoffiai2001l) . Nevertheless, Smaki ilOOVtl 
and Ogilvie (2002) have questioned such interpretation, as it re- 
quires the presence of large or unusually hot discs, and prop osed al- 
ternatives to the spiral shocks to explain the phenomenon. iQgilviel 
(2002) has shown that some regions of the outer disc would be 
tidally thickened and may therefore be irradiated by the WD, 
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boundary layer and/or inner disc. The pattern of thickening would 
be slightly spiral, but no waves or shocks would be involved in 
the process. ISmakl l l200lh has wondered if the similar effect should 
work in CVs with stationary accretion (i.e., novae and NL sys- 
tems), whose outer radii of the large accretion discs are controlled 
by tidal effec ts. He reviewed the coll ection of Doppler tomograms 
published by iKaitchuck et al. I ( Il994h and identified similar arch- 
like structures in tomograms of several NL-systems, including 
UX UMa. Note, however, that this identification does not exclude 
the shock origin of these structures but only supports the existence 
of non-Keplerian flows in the accretion disc of UX UMa. 

The appearance of the two armed pattern in UX UMa is a 
bit different in the Ha and He I lines. The structures here are 
not well-defined spiral arms, though they are possibly connected, 
overlapping in azimuth ranges where tidal distortions such as spi- 
rals are expected. The He I lines are much weaker than Ha but 
the spiral-like structure in their tomograms closely resembles the 
Doppler maps of those DN systems where spiral structure is ba- 
sically indisputable. In the Ha tomogram, the brightest part of 
the right arm is placed somewhat lower. Note, that both the the- 
ory and the numerical simulations tell us that non-linear effects 
can significantly modify the appearance of the spiral pattern (e.g. 
iGodon, Livio. & Lubow|[T998i : ISteeghs & Stehldl 19991) . 

Despite the dissimilarity between the red and blue tomograms 
of UX UMa from our observations, they have (the only) common 
component - extended bright area from the leading side of the ac- 
cretion disc. The second, lower-left arm cannot be detected in the 
blue Balmer and He I tomograms as it is hidden by the dark spot, if 
exists. However, the Hell A4686 map shows so me extended emis- 
sion i n the lower-left area (Fig.[8]l. Furthermore. iKiurkchieva et al.l 
( I2OO6 ) employed a spiral arm model to explain the observed fea- 
tures of the light curves of UX UMa from their 9-year photometry, 
and the model reproduced well the observational data. Thus, the 
spiral-like pattern is apparently a regular structure in the disc of 
UX UMa. 

At present there are arguments in favour and against both mod- 
els, proposed to explain the spirals (see .Morales-Rueda ,2()04i . and 
references therein). The NL systems with their large, hot and stable 
accretion discs can be considered as the best systems in which to 
analyse these structures. Nevertheless, despite the wealth of obser- 
vations of these stars, and some twenty published Doppler maps, 
only very few NL syst ems have shown signs of spiral structure in 
t heir discs (V347 Pup -Istill, Buckley, & Garlickl 19981, V1494 Aq l 



'Hachisu. Ka to, & Katdl2004 V3885 Sgr -i Hartlev etai]|2005h . 
From this point of view UX UMa is an attractive candidate for high 
time and spectral resolution spectroscopic observations. 

5.3 Secondary star 

The secondary star manifests itself in the trailed spectrum of H/3 
as a narrow sinusoidal emission component, which is mapped onto 
the inner hemisphere of the secondary's Roche lobe. The emission 
from this area is clearly seen in all the Balmer Doppler maps (in H/3 
this is the strongest emission component), however its distribution 
over the mass donor is again different in the two data sets. In the 
SAO spectra the whole donor hemisphere, facing the WD, appeared 
to be a source of emission, with the emission intensity becoming 
stronger near the first Lagrangian point. Such distribution almost 
certainly exclude the possibility of photospheric line emission and 
the most likely cause of this emission is irradiation by UV-light 
from the accretion disc, boundary layer or bright spot. 

The Ha emission from this area in the Loiano spectra is much 



weaker. It is slightly shifted in a clockwise direction and apparently 
concentrates towards poles of the irradiated hemisphere (Fig. [Sj. 
The origin of this emission is not so clear and its link with the 
companion star can be put in doub0. If this emission indeed be- 
longs to the secondary star then the appearance of the Ha tomo- 
gram suggests irradiation with shielding of the mass d onors equa- 
torial regions by the the discs outer rim ( ISamalll990l) . From this 
we estimate a height- to-radius ratio (H/R) to be 0.25 (for the 
system parameters of iBaptista et al.|[l995. ). This is an extremely 
high H/R ratio, at least from a theoretical point of view, although 
there are some other observat ions suggesting highish H/R's (e.g. 
|m ason. Drew, &Knigg3 1 19971 found that the vertical structure of 
the accretion disc of UX UMa can extend to H/R--^ 0.36 above 
the orbital plane). On the other side, the lack of emission from the 
secondary star during Loiano observations will mean that some- 
thing completely blocked the irradiation sources. Otherwise the 
secondary should be easily seen in Ha as it was previously seen 
in H/?. In this case the H/R ratio can be even greater. 

It is interesting to note that there is no evidence for shielding in 
the SAO tomograms. This means the accretion disc had the smaller 
H/R ratio at that time. This might have happened if the disc was 
significantly smallejfl The presence of spiral waves or the tidally 
thickened regions in the accretion disc during the Loiano run, and 
only uncertain indications of it during the SAO observations in- 
directly confirms this idea, as the tidally induced spiral structures 
require the presence of a large disc. 

The detected emission from the secondary star in the Doppler 
maps allows us to estimate if 2- The radial velocity of the inner 
face of the secondary about the centre of mass of the system is 
lower than the radial velocity of the centre of mass of the sec- 
ondary, thus a measurement of the velocity of the emission feature 
from the tomograms will set a lower limit to the radial velocity 
semi-amplitude K2 of the secondary. From the Doppler map of H/J 
we find K2 > 180 kms~^, whereas the Ha tomogram increases 
this limit to ~ 200 kms~^. Thus, this limit d oes not contradict 
with th e value of K2 = 262 km s~^ obtained bv lVande Putte et al] 
1 I2OO3 ), though the latte r appea rs to be slightly overestimated. In- 
deed, IVande Putte et a i] l l2003h obtained K2 using the far-red ab- 
sorption lines, which may arise in the back (non-irradiated) side of 
the secondary. However, this hypothesis requires further study. 



6 DISCUSSION 

6.1 Long-term variability 

The appearance and behaviour of the spectra obtained in 1999 and 
2008 indicates that UX UMa may have been in different states dur- 
ing those observations. In 1999 the accretion disc of the system ap- 
peared to be smaller than in 2008 and we suggest that it might have 
been due to the smaller mass transfer rate in 1999. Unfortunately, 
we are unable to make a conclusion regarding whether one epoch of 
observations was notably brighter than the other. The absolute flux 
calibration of our spectroscopy is not completely reliable, and also 



^ Note, that .simulations show that the Maximum Entropy Method applied 
during the Doppler tomography reconstniction can perhaps be partly re- 
sponsible for the above effects by blurring/ smoothing the compact emission 
sources (see, e.g. lHarlaftis & Marstjl993 

It cannot be excluded also the smaller vertical extension of the irradiation 
source at that time. However, this is unlikely that such extension can be 
comparable with the outer disc thickness unless the disc is not small enough. 
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the spectra were obtained in different wavelength ranges. Bearing 
in mind that UX U Ma's colours can change significantly with time 
tomitrienkol 1 994h . it does not make sense to compare the fluxes of 
the spectra. Amateur observations also cannot help as they provide 
us with only sparse data. 

However, a variation of the mass-transfer rate in the NL sys- 
tems is not unusual, and UX UMa is not an exception. Many re- 
searchers mentioned UX UMa's peculiar light curves which could 
be interpreted as being due to a much lower relative luminosity 
of the hot sp ot and accordingly to the lower mass-transfer rate. 
ISmald ( Il994bl) noted that the standard and peculiar li ght curves of 
UX U Ma appear to occur with comparable frequency. iKnigge et al.l 
( 11998 ') reported on a fairly substantial increase in the accretion rate 
in UX UMa by > 50% within three months. 

6.2 System parameters 

Most of the parameter estimates for UX UMa were found in the 
past by means of analysis of WD eclipse features in the light curve 
in the different wavelengths, whereas the value of the radial ve- 
locity semi-amplitude Ki was mostly used i n order to support or 
confirm a photometric solution jSmalJl994al;lBat)tista et al. 1995) . 
The parameters, derived by iBaptista et al.l 19951) and commonly 
adopted in the literature (an inclination i = 71° and Mi = 
M2 = OAYA^q) were determined using the UV light curve and 

the Shafter's value of Ki = 160 kms~^. 

However, the value of K2 obtained by IVande Putte et al.l 

( l2003l) . along with our estimates of Ki and K2, immediately re- 
fute the Baptista et al.'s parameters. We can determine the param- 
eters of UX UMa using a traditional spectroscopic solution based 
on the derived radial velocity semi-amplitudes. In order to calcu- 
late the masses of the binary, we assume that the semi-amplitudes 
of the measured radial velocities represent the true orbital motion 
of the stars. Combining our Ki = 113 ± 11 kms~ ^and taking 
K2 = 262 ± 14 km s"^ from lVande Putte et al.l ( l2003h and P from 
equation we find the mass ratio q = M2/M1 = K1/K2 = 
0.43 ± 0.07, the masses of each component of the system 
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The orbital inclination of UX UMa was determined in various 
papers, ranging from i = 65° to 75°. Using this, we now have the 
pure dynamical solution for the parameters of UX UMa: A/i=0.83- 
1.01 (± O.2O)M0,JV/2=O.36-O.43 (± 0.10) Afg, a=1.51-1.61 Rq, 
i=65°-75° (i = 65° corresponds to the largest masses and a). 

The additional step is to make use of a reasonable assump- 
tion that the secondary star fills its Roche lobe. The relative size 
of the donor star is therefore constrained by Roche geometry and 
the donor mus t obey the pe riod-density relation for Roche lobe 
filling objects ( IWameJ[l995h . Using any of the recently obtained 
empirical and theoretical mass-period relations we obtain the mass 
for the secondary 0.4 1-0.45 Mq (see, for example, Warner 1995; 
[Patterson et al.ll200^ . which is in a good agreement with the dy- 
namical solution. 

During the Loiano observations, the emission lines exhibited 
double-peaked profiles with the averaged measured peak-to-peak 



velocity separation in Ha of ^ 740 kms~^ [sJ h98lh has 
shown that the distance between the peaks in the double-peaked 
profiles can be used to determine the velocity of the outer rim of the 
accretion disc Vout which in turn depends on the mass Ah and the 
radius of the disc. The largest radius of the accretion disc, should 
it be determined from observations, can further limit the system 
parameters. 

The outer parts of the disc are under the gravitational influence 
of the secondary star, which prevents the disc from growing larger 
than Rmax- This largest radius is determined by tidal limitations. 
Tidal stress and visco us stress becom e comparable at this radius 
and truncate the disc ( IWamed[l995l and references therein). The 
largest r adius can be estimated by the use of equation (2.61) from 
iWamerl l [l995h . and for the mass ratio q = 0.43 we obtain 



Rn 



■ 0.6 a/(l + q)= 0.42 a = 0.61 Rli 



(6) 



where is the distance of the inner Lagrangian point from the 
WD. 

Unfortunately, although the observed spiral-like pattern is an 
indirect manifestation of the large accretion disc in UX UMa, its 
estimated size appears to be implausibly large. Based on the ob- 
tained system parameters and assuming the Keplerian velocity in 
the accretion disc, it gives an estimate of the outer radius of the 
disc to be Rout ~ 0.80 a, that is even greater than the Roche lobe 
of the primary. 

Should this discrepancy be considered as serious? Generally 
speaking, yes. Tidal limitations are of fundamental nature whereas 
the peak separation of a double-peaked emission line is an accu- 
rate measure of the velocity of the outer edge of the accretion disc 
obeying perfect Keplerian rotation. 

Nevertheless, there are physical mechanisms which may alter 
the distance between the peaks. For example, spiral shocks disturb 
the orderly Keplerian motion in the outermost disk that may result 
in variability of the inter-peak distance, mostly towards smaller val- 
ues iNeustroev & Borisov 1998), and this effect is clearly seen in 
the trailed spectra (Fig.|7] bottom half). Assuming that spiral waves 
could exist in the accretion disc of UX UMa, we made an attempt 
to reduce their influence by taking the largest peak separation in 
Hq. This approach, however, does not guarantee that this extremal 
value of Vout ~ 390 km s^^ is close enough to the true velocity of 
the outer edge of the accretion disc in case of strong shocks, and 
we indeed found the disc to be very large, almost filling the Roche 
lobe of the primary (Rout /Rli ^ 0.94). 

Another reason why the distance between the peaks in the 
double-peaked emission lines can be reduced is a significant 
amount of emitting matter in the outermost accretion disc with a ve- 
locity component perpendicular to the disk plane. Evidences for the 
presence of winds in nonmagnetic CVs in a state of high mass ac- 
cretion are unambiguous. Regarding to UX UMa. iKnigge & Drewl 
l l 19971) strongly suggested the presence of a relatively dense and 
slowly outflowing transition region between the disk photosphere 
and the fast-moving wind in the system. The presence of strong 
Balmer emission lines at mid-eclipse during our observations of 
UX UMa also implies that a part of the line-forming region ex- 
tends out to distances from the WD. Unfortunately, we can say lit- 
tle about how strong the wind is in the outmost regions of the disc 
of UX UMa, if it exists at all. Anyway, realization of any of these 
mechanisms could lead to underestimating of Vout- 

In conclusion, we have to note that our parameters are not 
as consistent with Doppler tomography as the parameters of 
lBaDtistaetai] ( ll995h : the emission from the secondary star overfills 
the bubble marking the Roche lobe on the tomograms, and also the 
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stream trajectory is located higher on the maps than the brightest 
area of the region where we beheve the bright-spot is (Fig.[8j. As it 
was mentioned above, the Maximum Entropy Method applied dur- 
ing the Doppler tomography reconstruction can perhaps be partly 
responsible for the above effects by blurring/smoothing the com- 
pact emission sources. Otherwise, it may testify that we still have 
not constrained the radial velocity semi-amplitudes very reliably 
in UX UMa. Moreo ver, it also puts in doubt the independent mea- 
surements of K2 bv lVande Putte et al] j2003h . Thus, we are now in 
a situation, when on one side there is a photometric solution which 
better describes the Doppler maps but definitely cannot be correct, 
and on the other side is another, spectroscopic solution which we 
think is closer to the true parameters of UX UMa but does not agree 
as well with Doppler tomog r aphy. O ne more set of the system pa- 
rameters obtained bv lSmakI ( Il994al) . is also inconsistent with the 
former two. Thus, there are still many problems with the parame- 
ters of the system, which is considered to be one of the best studied 
CVs. In order to solve them, new simultaneous photometric and 
spectroscopic observations with high-time resolution will be very 
useful. 



a phase lag of ~ 20° , compatible with the derived parameters of the 
radial velocity curves (Table|2j. 

Thus, many of the characteristics of UX UMa, a prototype of 
the NL stars and the UX UMa sub-class, are in general accord with 
the SW Sex systems. Nevertheless, all these features have been ob- 
served only in 1999 and almost completely disappeared in 2008. 
Many symptoms indicat e that the system was in d ifferent states dur- 
ing those observations. iGroot. Rutten. & van Par adiis (2004) pro- 
posed that the appearance of a NL system as a UX UMa/RW Tri or 
SW Sex star seems to be mainly governed by the mass-transfer rate 
from the secondary at the time of observation, where the SW Sex 
behaviour becomes more prom inent with increasing mass-transfer 
rate. However. Ballouz & SionI ( 12009.) found little evidence to sug- 
gest that the SW Sex stars have higher accretion rates than other 
NLs above the period gap within the same range of orbital periods. 
From our observations, we come to a rather contrary conclusion 
- UX UMa behaved as the SW Sex stars when its mass-transfer 
rate was perhaps lower than usual. Thus, this hypothesis certainly 
merits further study. 



6.3 UX UMa as a SW Sextantis star 

During the SAO observations UX UMa showed some of the defin- 
ing properties of the SW Sex stars, such as single-peaked emission 
lines with transient absorption features at phase ~ 0.4 — 0.7. In this 
section we summarize these characteristics and compare them with 
properties of the founding members of the SW Sex sub-class: 

(i) UX UMa is the eclipsing system as the founding members of 
the SW Sex sub-class. Its orbital period of 4.72 h is slightly above 
but very close to the 3 - 4.5 hr period interval. 

(ii) The emission lines in the blue wavelength range are single- 
peaked as in all the SW Sex stars. 

(iii) Significant high excitation spectral features including 
He IIA4686 and Bowen blend emission are typical for the class. 

(iv) The transient absorption of the Balmer and He I emission 
lines reaches its maximum strength at phase ~ 0.58. The relative 
intensity of this component increases with the line excitation level. 
In the He I lines this absorption is a dominating component. The 
He 11 A4686 emission line is perhaps not affected by this absorp- 
tion. Note, that the phase 0.5 absorption in UX UMa is a part of 
an absorption S-wave. To the best of our knowledge, this is not 
generally the case in other SW Sex stars. However, we admit that 
visibility of such S-wave can be governed by some special physical 
conditions. 

(v) The Doppler maps of the SW Sex stars consistently share a 
common feature: the bulk of Balmer emission is concentrated in 
the (-Vx,-Vy) quadrant. In this area of UX UMa's tomograms the 
unique dark spot is located. The dark spot is compact in the Balmer 
lines and deep and spacious in the He I lines. 

(vi) Many SW Sex stars exhibit high-velocity emission S-waves 
with maximum blueshift near phase ^ 0.5. This emission is not 
seen in UX UMa. On the opposite, we have observed the broad 
absorption depression around the red wings of the Balmer lines just 
prior to eclipse. This depression is certainly linked with the above- 
mentioned transient absorption. 

(vii) In the eclipsing SW Sex stars the emission-line radial ve- 
locity curves show a delay of a 0.1 - 0.2 orbital cycle relative to 
the motion of the WD. This effect in UX UMa is w eak, if exists. 
Note, however, that lproning. Long^ &Kniggel ( l2003l) have detected 



7 SUMMARY 

We have presented an analysis of time-resolved, medium resolution 
optical spectroscopic observations of the system in the blue (3920- 
5250 A) and red (6100-7200 A) wavelength ranges, that were ob- 
tained in April 1999 and March 2008 respectively. 

The appearance and behaviour of the spectra indicates that 
UX UMa has been in different states during those observations. 
The blue spectra are very complex. They are dominated by strong 
and broad single-peaked emission lines of hydrogen. The high- 
excitation lines of He II A4686 and the Bowen blend are quite 
strong as well. All the lines consist of a mixture of absorption 
and emission components. Using Doppler tomography we have 
identified four distinct components of the system: the non-uniform 
accretion disc, the secondary star, the bright spot from the gas 
stream/disc impact region, and the unique dark spot in the lower- 
left quadrant of the tomograms. In the red wavelength range, both 
the hydrogen (Ha) and neutral helium (He I A6678 and He I A7065) 
lines were observed in emission and both exhibited double-peaked 
profiles. Doppler tomography of these lines reveals spiral structure 
in the accretion disc, but in contrast to the blue wavelength range, 
there is no evidence for either the dark spot or the gas stream/disc 
impact region emission, while the emission from the secondary star 
is weak. 

During the SAO observations UX UMa showed many of the 
defining properties of the SW Sex stars. However, all these fea- 
tures have been observed only in 1999 and almost completely dis- 
appeared in 2008. 

We have measured, from the motion of the wings of the Ha 
and H/3 emission lines, the radial velocity semi-amplitude Ki to be 
113 ± 11 kms~^. We have also restricted the radial velocity semi- 
amplitude of the secondary star to be K2 > 200 km s~^. We have 
used these results to derive the system parameters of UX UMa and 
found that these estimates are inconsistent with previous values de- 
rived by means of analysis of WD eclipse features in the light curve 
in the different wavelength ranges. It may testify that we still have 
not constrained the radial velocity semi-amplitudes very reliably in 
UX UMa. 
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